Abstract. Concentrated growth factor (CGF) is a newly generated complex that comprises a fibrin matrix incorporating growth factors and plasmatic and leukocyte cytokines. It has been widely used in bone regenerative medicine. However, the effect of CGF on peripheral nerve regeneration had not been previously investigated. The aim of the present study was to evaluate the possibility of using CGF for nerve regeneration by i) investigating the effect of CGF on the proliferation of Schwann cells (SCs) and secretion of neurotrophic factors nerve growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF) in vitro; and ii) analyzing the effect of CGF on functional nerve recovery after nerve injury in vivo. CGF was prepared from venous blood taken from rats, and using scanning electron microscopy (SEM) we noted that it featured a fiber-like appearance with pore size ranging from 0.1 to 1.0 µm. The soluble component of CGF was used to produce conditioned media with which to treat the Schwann cell line. A cell counting kit-8 assay and cell cycle analysis were both used to study the proliferative effect of CGF on SCs. Reverse transcription-quantitative PCR and western blot analysis demonstrated that there was an increase in the mRNA and protein expression of NGF and GDNF, both of which are markers of SC neurotrophic secretion. A model of sciatic nerve crush injury was established for the in vivo experiment, and CGF was found to increase the sciatic functional index (indicative of nerve function). We noted that CGF increased SC proliferation and secretion of neurotrophic factors in vitro, and promoted functional recovery after peripheral nerve injuries in vivo. These results suggest that CGF is a promising candidate biomaterial for peripheral nerve regeneration, and may potentially be utilized to repair nerve injuries.
Introduction
Dental implants are commonly used in dentistry to replace missing teeth. Despite the high success rate of dental implants, complications are often encountered. A lot of complications occur during the implant surgery, when vital structures such as the nerves, vessels and sinus space are injured. Of these complications, nerve injury is one of the most unpleasant and troublesome for both the patient and dentist (1) . Nerve injury may occur during anesthetic injection, flap reflection, flap traction and implant osteotomy (2, 3) in the inferior alveolar, mental and lingual nerves. Alteration in sensation manifests in the mucosa, lower lip and chin after the nerve injury, and ranges from mild numbness to complete anesthesia (2, 3) .
Generally, the first choice in treating the nerve injury is a combination of medication and physiotherapy (4) . Common medication includes oral steroids to reduce neuritis and edema, vitamin B12 to promote regeneration of nerve terminals, and adenosine triphosphate (ATP) to increase blood flow by vasodilation (5) . Physiotherapy, including laser therapy and hot-pack treatment, is also effective at increasing regional blood flow (5) . However, as reported by Kim et al (4) these therapies are limited in their ability to treat nerve injury. Nearly 70% of patients with inferior alveolar nerve injury showed no improvement in sensation or dysesthesia with medication or physiotherapy, possibly due to the low plasma concentration of the medicine at the nerve injury sites and the short length of the physiotherapy treatment (4) .
As an alternative treatment for nerve injury, growth factors have also been previously studied, owing to the modulatory role they play in the secretion of neurotrophic factors and proliferation of neural cells (6, 7) . An appropriate source for delivering growth factors is through platelet concentrates. Platelets are known to release a variety of growth factors, such as platelet-derived growth factor (PDGF), vascular endothelial
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and neurotrophic factor secretion and promotes functional nerve recovery in vivo growth factor (VEGF), transforming growth factor (TGF) and insulin-like growth factor (IGF) (8, 9) . Numerous techniques have been developed to make platelet concentrates (8, 10) , and concentrated growth factor (CGF) belongs to a new generation of platelet concentrates, which was first introduced by Sacco (unpublished data). CGF, which is generated by centrifuging venous blood, has a fibrin matrix that contains a high concentration of platelets, leukocytes and growth factors. CGF has been found to increase bone formation (11) (12) (13) , the proliferation of periodontal ligament cells (14) , and the syndesmosis union rate in cases of total ankle replacement (15) depending on the released growth factors. However, the effect of CGF on peripheral nerve regeneration has not been investigated previously, to the best of our knowledge. Schwan cells (SCs) have been shown to play a critical and substantial role in peripheral nerve regeneration. Following peripheral nerve injury, SCs proliferate, form a Büngner belt and devour the debris of denatured axons and myelin together with macrophages. At the same time, SCs also secrete a range of neurotrophic factors, including nerve growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF), which play neuron-protective and axon-inducive roles. It has previously been suggested that the proliferation and increased secretory function of Schwan cells contribute to the regeneration of neural tissue (16) (17) (18) (19) .
The aims of the present study were as follows: i) to investigate the effect of CGF on the proliferation and secretion of neurotrophic factors in SCs in vitro; and ii) to evaluate functional nerve recovery following CGF treatment using a rat model of sciatic nerve crush injury in vivo. The final purpose of this study was to examine the possibility of CGF being clinically applied as a treatment for nerve injuries caused by dental implant surgery.
Materials and methods

Preparation of CGF.
All experiments were carried out in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals, formulated by the Ministry of Science and Technology of China. CGF was prepared according to Sacco's protocol (unpublished data). For the purposes of our study, a total of 46 Wistar rats (10-12 weeks old, weighing 250 g) were purchased from the Center for Laboratory Animals, Medical College, Jilin University, Jilin, China. These rats (a different set of rats for each) was used for the preparation of CGF and for the model of sciatic nerve crush injury. In our study, 46 rats were used in total, among which 12 were used in the in vivo experiments and 34 were used to prepare the CGF extract for the in vitro experiments. For the in vivo experiments, 6 rats were used to draw blood to prepare the CGF membrane and 6 were used for functional analysis. We ensured that all rats had similar platelet counts by subjecting the whole blood of the rats to platelet counting using a cell counter (MEK-6318K, Nihon Kohden, Tokyo, Japan). The rats showed a mean platelet count of 680x10 9 /l. Briefly, for the preparation of CGF, 5 ml venous blood was drawn from each Wistar rat, into a sterile glass tube without any anticoagulant solution. The tube was subsequently immediately centrifuged at 400 x g in Medifuge (Silfradent, Sofia, Italy) at a fixed temperature, and the rotor turned at alternating, controlled speeds. Following centrifugation, the blood in the tube was separated into three layers. CGF was the middle layer, and it was mechanically separated and gently compressed into a thin membrane. All animal experiments were approved by the Ethics Committee of Jilin University.
Scanning electron microscopy (SEM).
In the present study, the surface structure of CGF was observed using an SEM microscope (S-3400N; Hitachi High-Technologies America, Schaumburg, IL, USA). The CGF membrane was fixed in 2.5% glutaraldehyde solution (Sigma-Aldrich) and dehydrated by passing through a graded series of ethanol-water mixtures. After drying, the sample was coated with gold, and examined using SEM. The SEM images were subsequently exported to cellSens Entry software (Olympus Life Science, Europe GMBH, Hamburg, Germany), in order to measure the pore size of CGF based on the smallest and largest identifiable pores in the representative image.
Preparation of CGF extract. In order to minimize the difference between different CGF membranes, the soluble component of CGF was used to produce conditioned media to treat the SC cell line in culture. To make the conditioned medium, two CGF membranes were placed in a 15-ml flacon tube containing 5 ml fresh Dulbecco's modified Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) without fetal bovine serum. The medium was marked as 200% CGF. It was collected 7 days later and centrifuged (400 x g for 5 min) to pellet the platelets and red blood cells. The 200% CGF was diluted to obtain 100 and 50% CGF. All the extracts were stored at -80˚C for future use.
Cell proliferation assay. The number of viable cells was evaluated by cell counting kit-8 (CCK-8) assay. The RSC96 Schwann cell line, which was obtained from The Chinese Academy of Sciences (Shanghai, China), is a spontaneously transformed rat Schwann cell line derived from the long-term culture of rat primary SCs. To test the effect of CGF on cell proliferation, RSC96 SCs were seeded into 96-well plates at a density of 1,000 cells/well in DMEM, and allowed to attach overnight in a humidified atmosphere at 37˚C with 5% CO 2 . Subsequently, the culture medium was changed to DMEM or CGF extracts supplemented with 10% FBS (Gibco, Sydney, Australia). CGF extracts at different concentrations (200, 100 and 50%) were used in order to find the optimal concentration. At 1, 3 and 5 days following treatment, 10 µl CCK-8 reagent (Dojindo, Kumamoto, Japan) was added to each well. After 1 h incubation at 37˚C, the absorbance values were measured at 450 nm using a microplate reader (Infinite 200 Pro, Tecan, Männedorf, Switzerland).
Cell cycle analysis. RSC96 Schwann cells were seeded in 6-well plates. After pre-incubation, the culture medium was changed to DMEM or CGF extract (100%) supplemented with 10% FBS. At 1, 2 and 3 days, cells were detached from plate surfaces using 0.25% EDTA-free trypsin, and fixed with 70% alcohol for 30 min at 4˚C. Cells were then washed twice with PBS, centrifuged, and labeled with 0.5 ml propidium iodide (Dingguo, Beijing, China). Cells were then incubated for 30 min in the dark at 4˚C and detected by a flow cytometer (BD Pharmingen, San Diego, CA, USA).
Reverse transcription-quantitative PCR (RT-qPCR).
The mRNA expression of NGF and GDNF was analyzed by RT-qPCR. RSC96 Schwann cells were seeded into 6-well plates, and the culture medium was changed to DMEM or CGF extract (100%) supplemented with 10% FBS. At 1, 2 and 3 days after culture, total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed using a Revert Aid kit according to the manufacturer's instructions (Takara Bio, Otsu, Japan). SYBR Premix Ex Taq (Takara Bio) was used to assess NGF and GDNF gene expression in an Exicycler 96 real-time PCR system (Bioneer, Daejeon, Korea). Samples were normalized to glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Changes in gene expression were calculated using the 2 -ΔΔCt method. The primer sequences were as follows: NGF forward, 5'-TCAACA GGACTCACAGGAGCA-3' and reverse, 5'-GGTCTTATC TCCAACCCACACAC-3' ; GDNF forward, 5'-CAGAGGGAA AGGTCGCAGAG-3' and reverse, 5'-ATCAGTTCCTCCTTG GTTTCGTAG-3'; and GAPDH forward 5'-GGCACAGTC AAGGCTGAGAATG-3' and reverse, 5'-ATGGTGGTGAAG ACGCCAGTA-3' , as previously reported (20) .
Western blot analysis. The protein expression of NGF and GDNF was investigated by western blot analysis. RSC96 Schwann cells were seeded into 6-well plates, and culture medium was changed to DMEM or CGF extract (100%) supplemented with 10% FBS. At days 1, 2 and 3, cells were washed twice using PBS, and then lysed on ice with lysis solution [radioimmunoprecipitation assay buffer with 1% phenylmethylsulfonyl fluoride (Biyuntian, Haimen, China)]. Cell lysates were collected and centrifuged at 10,000 x g for 10 min at 4˚C. Supernatants were collected, and protein concentrations were determined using a bicinchoninic acid assay (BCA). The extracted proteins were mixed with 5X loading buffer and degenerated in boiling water for 5 min. Equal amounts of protein (40 µg) were loaded onto a polyacrymide gel and run at 80 V for 150 min, and were then transferred to polyvinylidene fluoride film (Millipore, Bedford, MA, USA) at 70 V for 90 min. The membranes were blocked with skimmed powdered milk for 90 min, and then incubated with primer antibodies against NGF (rabbit anti-rat, 1:1,000, cat. no. WL0151; Wanleibio, Shenyang, China) and GDNF (rabbit anti-rat, 1:400, cat. no. PB0045; Boster Biological Technology, Ltd. (Wuhan, China) overnight at 4˚C. Samples were eluted four times with TTBS and then incubated with horseradish peroxidaseconjugated secondary antibodies (goat anti-rabbit, 1:5,000, cat. no. A0208, Biyuntian) for 45 min at 37˚C. An ECL chemiluminescence assay was used for chemiluminescence-based immunodetection of HRP. The intensities of the bands, which are representative of protein levels, were determined using Gel-Pro-Analyzer 3.0 (Media Cybernetics, Rockville, MD, USA). β-actin was used to normalize target proteins.
Animals and surgical procedures.
A rat model of sciatic nerve crush injury has been previously used as a model of axonotmesis (21) . Briefly, rats weighing 250 g were anesthetized by injection of sodium pentobarbital (30 mg/kg). Surgical sites were shaved and prepared. Both the left and the right sciatic nerves were exposed. Subsequently, no. 5 jeweler's forceps were applied to crush each nerve for 10 sec above the bifurcation of the sciatic nerve. Both right and left nerves of each rat were crushed, but only the right was treated with CGF membrane (not CGF extract) and the left was used as a blank control without CGF membrane. CGF was used only to cover the right sciatic nerve crush sites. After surgery, the musculature and the skin were sutured separately.
Functional analysis. Functional nerve recovery of the animals was assessed through the use of a sciatic functional index (SFI), according to the methods reported by Bain et al (22) . Walking track analysis was performed 7 days after the surgery. Briefly, the hind feet of the rats were colored with ink before they walked, in order that they would leave footprints on the paper. SFI was calculated using the following formula: SFI = -38.3 x (EPL -NPL)/NPL + 109.5 x (ETS -NTS)/ NTS + 13.3 x (EIT-NIT)/NIT -8.8. In this formula, PL indicates the length of the third toe to the heel; TS, the length of the first to the fifth toe; PL, the length of the second to the forth toe; E represented the CGF-treated side and N represented the non-Walking track analysis treated side. Generally, a value of SFI which was approximately -100 indicated total nerve impairment, and 0 indicated normal nerve function. Following functional analysis, the rats were sacrificed by exsanguination via the abdominal aorta.
Statistical analysis. Data are expressed as the means ± standard deviation and were analyzed using one-way analysis of variance (ANOVA) with Tukey's HSD comparison test or by independent-samples t-test. A p-value <0.05 was considered to indicate a statistically significant difference.
Results
Characteristics of CGF.
Following centrifugation of the whole blood, three layers were observed in the tube (Fig. 1A) . The uppermost layer was a clear fluid, which was the blood serum. This is composed of the blood plasma without fibrinogen and coagulation factors. The middle layer resembled a yellow non-transparent gel, which was CGF; this layer was composed of the large, dense polymerized fibrin blocks with aggregated platelets and CGFs. The bottom layer, which looked like a dark reddish dense gel, mainly consisted of red blood cells. CGF was mechanically separated by cutting off the red dense gel and then compressing it into a thin membrane. SEM analysis (Fig. 1B) revealed that CGF had a fiber-like appearance with a pore size ranging from 0.1 to 1.0 µm. The fibers were discrete and were arranged in a dense random mesh-like network. An aggregate of platelets was also observed to be trapped in the fibrin mesh.
Cell proliferation. The effects of CGF extracts on the proliferation of RSC96 Schwann cells are shown in Fig. 2A . CGF was found to increase SC proliferation; this increase was concentration-dependent up to 200%, when levels dropped. The optical densities (indicative of the number of cells) of the CGF-treated cells were significantly higher than those of the DMEM-treated cells at 1, 3 and 5 days (p<0.05). In particular, the cells treated with 100% CGF group but not 200% produced the highest optical densities of all (p<0.05) at different time points. Therefore, 100% CGF was selected as the optimal concentration for later experiments.
Cell cycle analysis. Flow cytometry was used to study cell cycle distribution by measuring DNA content. Cell cycle refers to the period from the end of mitosis to the formation of new cells, which includes four stages, namely G1, S, G2 and M phases. The cell proliferation index (PI) is the percentage of cells in the S plus G2/M phases. It is one of the most important indexes for cell proliferation. We noted that at 1, 2 and 3 days after CGF treatment the PI in CGF-treated cells was significantly higher than those treated with the control (p<0.05) (Fig. 2B) .
mRNA expression. RT-qPCR was performed to detect mRNA expression of RSC96 Schwann cells, which were treated with DMEM or CGF extract. There was no significant difference in NGF and GDNF mRNA expression in the DMEM-treated cells at different time points. The mRNA expression of NGF and GDNF in the CGF-treated cells was significantly higher than those treated with DMEM (p<0.05) (Fig. 3) .
Protein expression. The effects of CGF extract on neurotrophic protein secretion in RSC96 Schwann cell are illustrated in Fig. 4 . NGF protein expression significantly (p<0.05) increased on days 2 and 3; GDNF protein expression significantly (p<0.05) increased on day 3. The levels of NGF protein expression increased approximately 1.1-fold on day 2 and 1.5-fold on day 3. Levels of GDNF protein expression increased approximately 1.3-fold on day 3. Functional recovery. The results of the functional nerve recovery test using the walking track indicated different degrees of nerve injury in rats 7 days after the surgery, as reflected by different SFIs.
The SFI value was significantly increased in the CGF-treated side compared with the non-treated side (p<0.05), indicating improved functional nerve recovery in the CGF-treated group (Fig. 5) . 
Discussion
Nerve injury has previously been shown to be one of the most serious complications of dental implant surgery. Moreover, local delivery of growth factors has proven effective in the treatment of nerve injury. CGF is rich in growth factors and has gained considerable popularity owing to its autologous nature, easy collection, simple and cost-effective preparation, and safe clinical application, without the risks associated with immunological rejection. In the present study, we demonstrated that CGF promoted SC proliferation and the secretion of neurotrophic factors in vitro, and enhanced functional nerve recovery after injury in vivo, suggesting that CGF provides a way to regenerate iatrogenic nerve injuries caused by dental implants. In the present study, an RSC96 Schwann cell line was selected and subsequently subjected to CGF treatment. Since the RSC96 Schwann cell line was derived from rats, therefore rat venous blood was used to prepare CGFs in this experiment. The inferior vena cava was used to obtain 5 ml of blood from each rat, as it is possible to obtain more blood from here, as compared to other locations such as rat tail veins, which provide limited and insufficient (23) amounts of blood for making CGF. Reproducibility of the experiment was ensured by the following, as Li et al have also reported (24): i) CGF was prepared under consistent preparation conditions, including using a specially programmed centrifuge with fixed temperature and control speed; ii) all blood-collecting procedures were finished within 90 sec; iii) the rats used in the experiment were of similar weight and platelet counts; and iv) mixed CGF extracts were used instead of CGF membranes to treat the SCs.
The structure of the fibrin mesh and concentration of leukocytes are known to affect the release of growth factors from platelet concentrates (25, 26) . CGF belongs to the third generation of platelet concentrate; platelet-rich plasma (PRP) was the first generation, and platelet-rich fibrin (PRF) the second generation (27) . It has been shown that PRP formed an unstable matrix that disaggregated after less than 5 days and led to a quick release of growth factors. PRF, formed by progressive polymerization, had a more structured fibrin network that was shown to be intact after 7 days and led to greater growth factor release. Moreover, SEM analysis demonstrated that CGF had a natural fibrin framework and many platelets were trapped in this fibrin mesh, similar to PRF (28) . This kind of structure protects growth factors from proteolysis, and results in lower and sustained release of growth factors from the fibrin concentrates (29) .
CGF membranes were soaked in medium for 7 days to obtain the extracts used in this study. This time period was applied based on certain previous studies which have investigated the release dynamics of growth factors in platelet concentrates (25, 30, 31) . The release of VEGF and TGF-β1 peaked at 8 h in PRP and at day 7 in PRF. IGF-1 and PDGF were almost completely released from PRF within the first 8 h and gradually released from PRF for the first 3 days. These findings suggest that day 7 is a suitable time point for collecting the majority of growth factors released from platelet concentrates (25, 30, 31) .
The fast proliferation of Schwann cells supports the rapid regeneration of injured peripheral nerves by providing bioactive substrates needed for axonal outgrowth (32) . In this study, both a CCK-8 assay and cell cycle analysis indicated that CGF promoted RSC96 Schwann cell proliferation. Similar results have previously been reported, that CGF stimulated the proliferation of periodontal ligament stem cells (14) and bone marrow stromal cells (BMSCs) (33) . In the present study, although the effect of CGF on cell proliferation was noted to be dose-dependent, the increasing CGF concentration did not always cause increasing proliferation. We noted that the optimal concentration of CGF extract (100%) had the most beneficial effect on RSC96 Schwann cells. Both increased and decreased concentrations exerted a suboptimal effect on cell proliferation. This is in line with the conclusions of Graziani et al (34) , who investigated the effect of different platelet concentrations on osteoblasts and fibroblasts. They made maximally concentrated platelet preparations of 420-550% which were diluted with DMEM to attain concentrations of 250 and 100%. They found that maximal platelet concentration resulted in inferior proliferation compared with concentrations of 250 and 100% . Liu et al have suggested that decreased proliferation is pH dependent: high concentrations of platelet preparations result in pH changes that negatively affect proliferation (35) .
Aside from proliferation, in the present study we also examined RSC96 Schwann cell function by assessing their secretion of NGF and GDNF. NGF plays a critical role in nerve regeneration in the peripheral nerve system. A reduction in the secretion of NGF results in the failure of axonal regeneration (36) . GDNF belongs to the TGF-β family of neurotrophic factors and plays various and distinct roles in the neuronal signaling pathways (37) . In our present study, both the mRNA and protein expression levels of NGF and GDNF were increased by CGF. Similar results have been previously reported, that NGF and GDNF expression was promoted by platelet concentrates (20) . The mechanisms responsible for this can be explained as follows. Many growth factors such Figure 5 . Sciatic function index (SFI) in rats 7 days after surgery. SFI value was significantly increased in the concentrated growth factor (CGF)-treated side compared with the control side, indicating improved functional nerve recovery in the CGF group. Error bars correspond to the means ± SD; * p<0.05 vs. control group.
as IGF, TGF and PDGF are released from CGF. It has previously been shown that Schwann cells express growth factor receptors, such as the IGF receptor, TGF-β receptor and platelet-derived growth factor receptor (38) (39) (40) . These findings suggest that CGF modulates SC secretion through IGF-related, TGF-related and PDGF-related pathways.
In the present study, we noted that CGF served to improve functional nerve recovery in a rat model of sciatic nerve crush injury. This is consistent with reports that platelet concentrates increased nerve regeneration after injury to the facial (41) and sciatic nerve (42) in animal models. These results suggest that CGF works in vivo, thus supporting the clinical use of CGF to treat nerve injuries caused by dental implants. Compared with PRP and PRF, CGF contains more growth factors, and we suggest that it helps the nerves recover in a shorter period of time.
CGF is an autogenously generated complex that contains fibrin matrix and growth factors; it is used in dentistry for bone regeneration. In the present study we demonstrated the following: i) CGF increased SC proliferation and secretion of neurotrophic factors in vitro; and ii) CGF enhanced functional nerve recovery in an animal model. These findings suggest that CGF has the potential to enhance peripheral nerve regeneration, and thus is a promising treatment for nerve injury caused by dental implant surgery. Further study is required to elucidate the dominant growth factor-related pathway by which CGF modulates cell proliferation and secretion. Neurophysiological experiments should also be evaluated in vivo in order to investigate the effect of CGF on nerve repair.
